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The Electrochcriistry of 1'anr,311Vse PN'thalocyanine

in ':or4-Aqijcous 1-edia

~yA.!L.P.Lf:vor*, P.C.Cir-or ari J 2 .. ,ilshirc

;%tccjvt J Octolccr 1st 15%O

Abstract

Th~e clectrochemical ')(haviour of :i.rn(I) phthalocyanirne

iissolved in pyridine, di'nehylSUlfOXi-1C, or din-ethyhicetaide is

r o-!ortcd, in the prk smrce of pe rch IoI)ra te, c hIo r ide a nd b ro i e

si p )or t i n electrolye a Ci onfs . 'lectron t r a is f (r Co ujr es

reprcsentinrg net oxi Aat ion of vian~wnesp, anJ of the phthalocyini ns

r in,-,, ., nd tUio ir e t r tluc t iors of th~e )11ha Iocr-ya n ine r i rt r

clharocer i s.d by a ra w-,e of fc Ie c tr 1)o in -i calI t vc hri n Urs , %-,i t h

':,ha bsi s on cyclIi c volI t.. ir t ry. ''otero 'ciwoiis rate cnrstar-ts P rr

r-Lo rtod Ifor s,:v -. r1 of L!-s, So im I t-S i r Lthe rrsrnce 0

o r chIo ra to i on . .111 tle Couiples showi clrse to idealI reversible

L.zi our cc.t a t !.i !Ier scan ra tes f or chlIor ide and b rom ide as

jjijr L i rn i; (IIctL ro 1 ,, toe I i (1-, %.here sooce dev ia t ion i s observi-1

TI. iS GY ytC.~ 1oe -10 10t 0Axh i !i t sijch sens it iv ity to erv i ronert as %.;%s

~ruv i ous I y W-,sc:rved ~.i Lh i run ph thn lociy..n i ne

Ad.4,
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I n t roduc t i on

[ecent studies [ave clearly established the involvement of rargarese

in the photosynthetic production of oxygenl. -ince the prccess

requires several oxidising equivalents of chlorophyll, whose ral.ical

cation ul ti i-ately effects oxi tation of the i aranese site, th, e

en.r,;etics of iJangarese re-lox processes are of sir,.ular importarce2.

..e have thercfore extet, le.l our stn-lies of metal ohthalocyarires3, , ,-eI

those of others5-9 to irclude redox potentials, products and e1rctron

transfer kinetics of Pcl'n(ll)4.

.e report here the oxi lation of Pcl n( Il) to Pc.:n(' I ), 1 i;ar I

oxidation of the latter, and tt;o successive one electron reductiors of

the fori.ier. Differertial pulse, and pulse polarorraphy, cyclic

voltaii:ietry, cor.trolled Potential couloietry, electronic spectroscopy

Mai;netism and esr are prcser-ted to characterise the products.

Experim celtal

Preparation and purification of Pcl.n(ll), solvents and supportirg

electrolyte have been previously .lescr ih13, 4,10. Argon g.as,

.locxy gerated arid dried, was ipployed to purs.e the solutions. Platiru-,

hanging ;iurcury drop, and dropping !,ercury electrodes were us Pd in

conjurction :ith Princeton Ali-plied Research -odels 173, 174A, 175 an 4

079 , a "'UU2A X-Y recorler, and a Tektronix 51(3'! storage oscilloscore

ir; electrocherical stu.fies. All voltages are referred to comi'vrrrcial

silver-silver chloride or saturated calooiel electrodes fittel %.it'

Luggin capillaries. Tlhe voltz :es reported here are corrected tn a

satur ted calomeI electrode ,: os potential -was .ionitored from time to

N ... .



7-

time aai nsL the fc rrocere/ferrceniun couple. EIcctroiic spectra were

recorded with a Varian C(jry li or Perkirn-Elmer-Hi tachi model PE-340

uv/vis/nir micro-processor spectro':ieter. l.,agnetic measurements were

obtained in solution by the Evans riethodll-13 using a Varian EtV-360 r-mr

spectrometer. Esr spectra were observed with a Varian F-4 spectrometer,

calibrated with [jPPH as external calibrant, in frozen solution.

Results and Escussion

Four electron tratisfer steps lying between +1.0 and -1.9V (vs sce)

%,eru observed using continuous scan voltamietry (Fig.1). They represent

cwo net oxidations and two ret re-luctions of the hulk solutior. This is

siiiilar EO our experience with PcFe(ll)3b which exhibits one oxidation

and Lwo reduction waves in the sa:ie region. Earlier authors6 who

studied polaro;,.rarms of electrochemnically generated (Pcl,"n)- were unable 

to obtain rcproducible results in the region 0 - -1.4V. oJe did not

inve.sti-iate waves rnporte.1 by Clack and :lush6 at potentials more

cathodic than -1.9V.

The potentials of the three couples between 0 and -1.9V were

obLained under a variety of solvent and electrolyte combinations by

three electrode cyclic voltarrictry on platinum electrodes (E° = (FPa +

E )/2 ) and are sumiarisel in Table 1. The values of E° , so renorte,1
PC

fro slow speed scans , are essc.ntially inlepenlnt of scan rate excer't

in the presence of haloe;,n supporting electrolyte anion. The values of

EPa - E obtained at the diffusion limit (10 iV/s scan rate) were, in

cach case, within a fe: i millivolts of ideality. Polarographs %-.v re

obtai,,ed at this, or a lower, scan rate, for so;ie of the electror

trarsfer couples. Differential pulse pol,.rograms (at 1 m'//s scar. rate,



,.ouulat ior vo I ta';e 2 ,:Vi ,-p) v .rc a lso rrcor .i and F3/4 - 13/4 1/4

dctcr.nined. lalf-,.ave potentils from te various methods agreed within

jU'rV. Values of r = 1 (4 1u.) (n is the number of electrons involved in

the electron transfer step) for the first and second reduction steps

w.ere confirmied by three electrode coulormetry e:nploying a platinum mesh

clectrode. Studies at higher scan rates rave values of E E , Fp , i
a c a

I (anodic and cathodic peak potentials and currents respectively)

C
,: ich t. re subsequently analysed by the i-i thods of ;'ichol son and

.ain.14. This ilentified dleviations from reversibility arisirg from

electron transfer kinetics or coupled- chemical rractions. Internal cell

resistance was co:-pensated electronically.

First oxidation - Pc(-2)l'n(III)S 2 /Pc(-2)Wn(I I)S 2 :14

As indicated by slow scan rate data and tisirg tetraethylaimonium

perchlorate (TEAP) as supporting electrolyte, this couple is nearly

reversible at the diffusion limit in all solvents invest iated

indicating little kinetic inhibition from either slow electron transfer

or coupled che:,iical reactions. Controlled potential electrolysis at

+U*.IV yields a species whose electronic spectrum is characteristic of

typical iononucIear ianrzit,ese( I II) phLhalocyanine species reported by

Calvin and co-%orkers15. Ur this basis we assign the first oxidation

proluct co a Pc(-2)!n( I 1) species.

Tfhe depen ence of the half-v.,ve potential upon solvent reflects an

i rcr r.(-ed stabi I isatior, of the divalent state with the stronger

courdir.ating solvents (pyri-lie > !,SO ) D'A = D tF) . A similar hut more

proournced dependence is se ui th iron phthalocyani nes3. Cohal t( I I)



)n Lhalocyaniries [-o,-.jcv(r exiibi t a reverse 1 trni %-i1th the ;tlore strorFly

dJonor solvents favouring, cobalt(III). The rationale for t h is varied

behaviour has been pre sonLoci. 16 The Pc.''n (iI I)IPct.n ( I I redox

potential also depeni1s upon the supporting electrolyte with the

trivalent state being favoured by the -,ore strongly coor.dinating anions

(Cl- > Br- > CIO- ). Evidently their coordination to manganese(III) is
4

inportant. This is confiriie-1 by their electronic spectra which show a

.iarkel dependence of the visible ('1) hand near 700 nrn upon counter

ion. 17

Previous studies have showir14, 15 that the so1lid s pec ies Pcr'nC III)Y

(w-here X is halogen, hyiroxide, acetate etc) are high spin and prohably

five coordinate. In contrast the solution susceptibility of the highly

soluble tetra-t-butylphthialocyanatorianigarese(IiI) hydroxide, in

pyridinie, corresponis to two unpaired electrons within experimnental

error (2.6 ; at rooin tv:iip.) implying low spin d14 manganese(i II) wh ich

is a rare occu rrence for r-acrocyclIic lirands. Thus in s tronglIy

coordinating solvents, mangar'ese(Ili) phthalocyanines may be six

coordinate. Sirnilarly,solutions of Pctfn(II) in coordinating solvents are

six coordinate and lot., spin iis shown unequivocally by their esr spectra,

typical of low spin 15, S = 1/2 sppcins:1S

Pc(-2)1,n( II)(f;:.1'A) 2 f=1.e 0 21 4 .03 0. 004S4cm 1

Pc -21n( I(P )2 17 1.69 7. =2.15 = 0.01147 1A = 0.004814 cm 1

Pc (-2)t~n( I I) (4-EtPy) 2  711 1. 9t ;,.= 2.171A I = 0.0147 {A1 = O.00475cm1

Solution~s of Pci-n(iI) it, jiri~lirpe yiel l1cf a solution iiagnetic moment of



L. 1I. a t r oom t e~np. co nf ir -i fg t he 0 sr characterisation as a I ow' spi n

11 0 1/2 ion.

Aitl TEAP as supporting electrolyte, %icholson-Shain analysisli is

Kconsistent wi th previous evidence. The oxidation of PcIr( I I ir

pyridine, and in [,-30, is quasi-reversible wihless than 5% variation

in the unit value of (1 /I over the ranpe of scan rates ohsprve4

(1UnV/s - 50 '1/s). The function (ip/vi is also constant. TPese

observations are corsistent with, but do rot prove that h'oth

mang a rese(lII) at.dJr- mang arese (Il spec ies are s ix coordinate species.

&imnilIar behaviour w.ould be expected if either species were five

coordinate but rapid solvent exchange %-,,is takirg place. Considering the

solurion la,,netic data, however, it is likely that the oxidation prorfuct

i s 1) 2 (II I)32 CIO (at least for S =pyridine or WD1.3) 1%

Rather different behaviour is observed when the supporting electrolyte

contains bromide or chiorilAe ion. 3oth ano-lic and cathodic peak

potentials shift at higher scan speeds consistent with a

quasi-reversible electron trcirsfvr %.ith transfer coefficient 0(< 0.5.19

There appears to be a s:ial 1 depen.lence of F0 upon X -,though not as

marked a~s was ohserved in the corrrsroriling PcFe-(III)/PcFe(II) electron

trai.sfer step.3

In itost solvents, the !1oml coordinating aniors shift the potential

cathklcally relative to loss coordinating ions, consistent With

eq~uilibria (1) and (2).

PC(-2)IVn11) I jPc-2 )i n( II5I1S + e()
2 2
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X- + LPc(-2)'n( IIIS 2+ \rc(-2)r:n III)X(S) + S (2)
t

These equilibria lust reasorably occur, but riust be kinetically very

labile siitce even at the highest scan rates there is no evidence for a

cathodic t.ave corresponding to reduction of the specics

Pc(-2)i.n(III)X(S), in cortralistinction to the analorous iron system.3

;eCero gereous rate constants (k s) for the reversible case :ith

perchiorate ion as supporting electrolyte iere obtained from the

relationship: 19

)Ij4(AEp, n) = $:/W.D )  (3)

%.Ihere a = nF(scan rate)/RT, Pb is the diffusion coefficient, 0 tfe

transfer coefficient. 0( %,as polarographically determined to he 0.48 an A

UO %;as obtained from the rarilles-Sevcik relatiorship. The results,

reporced in Table 2, inticate only a sli.ht t.ependence of k upon
S.

solvent for the Pc(-2)l'.n(lll)/Pc(-2).'n(il) couple (an. no dependence for

the reduction couples discussed below). '..-en chloride or bromide are

used as electrolyte anions, the coupled reactions (1) and (2) occur and

the expression for the peak potential lust contain equilibrium ce)nstant

data for equ.(2). Sir-ce our data 1o rot clearly distinguish a

quasi-reversible electron transfer from an EC mechanism, we do not

atteipt to calculate rate constants in the presence of chloride and

hro1i 1e ions.

Ho%,ever since a negli,-ible Iwviation of aEp from the ideal 59 nV .,as

obser fl at low scan rates with all solvent-electrolyte combiratlnrs It



is probable that the k VIalu-s dJo not differ si.,,nificantly from those

reported for the Perchlorate anion solutiors. Thus a strong r~n-X bond

is not especially rate limiting where both Pcfn(ll) and PcF'n(ItI) are

six coordinate.

6 .omparison, when five and six coordination are possible, the

cond~iiS dictating different gecomietries for each oxidation state can

provide a kinetic harrier for the redox process. in a study of the

analog ous TPP~in(IiI)CI (TPP = tetraphenylporphyrin) Kadish and

co-workers20 found that addition of inidazole to me th ylIene chloride

soUluos yielded a six coordinate .1n(III) species and an out-of-plane

five courdiriate manganese(II) species. There wias a three order of

A% agni tude electron transfer rate re-luction for the imi IazolIe adiAu ct

relative to the chloride. Our results are consistent with Kadish's

conclusion that m-,etal 1-lovemernt wi th respect to the equatorial ligand,

rather than axial bond breakage , is rate limiting. The effect of spin

state change upon electron transfer rates in these manganese systems

r e. a--it un Je t e r i ned s in ce P c;* n a nd T P PIn are low and h igh spin

respectively in both their +2 and +3 oxidation states.

Second oxidation - Pc(-l)tfn(iII)S 2 /Pc(-2)I-'n(II I)S 2

The second oxidJat ion wave w.as obse!rva!ble only in [)IU!F Itue to the

sparing solubility of the parent species and relatively high solvent

oxidation currents in all other -nedia irvestiyrated. ihen observedl in

rigorously dry 111F ait -io.lerate scan rates (0.2 - 2.0 V/s) czathodlic anI

iziodic waves ..ere seer. at an average E0of 0.870VI. Although coulo-'etric

n values were within ran.ve of unity (n -1.28 :L bt over six ruins) ,rn

stable 5,,ecies was obtaivo'f by controlled potential oxidation. Since



the species on the electroic prior to oxidation is Pc(-2)f'n(III)S-. tle

t-A
probable oxidation pro !ucts are Pc(-1)'r.( III) or Pc(-2)t'n(IV)

(neglecting solvent ceor,,intlon). A1lthough the latter cannot be

entirely excluded, .e prefer the former on the basis that the volta,-e

separation between this couple and the first ligand reductior counle

(see below) is l.E3V. This is in excellent agrreement ,vith the everape

voltage separation (i.5') , hserved bet:een ring oxidation and re.luctior

in a series of -main group ,)etallophlthalocyari;;es22 where no ambiruity

exists.

First reduction - Pc(-2).n( II )S2 / Pc(- )Wn( l ) 2

Earlier work by Clack and 'lushG mentions the irtermittent

appearance of two waves at -0.755 and -1. 0 V. Our stulies show:, the

foriier wave under all con iitiors, but the latter is seen only ir

inadequately purged solutions. The former wave shows almost no

electrolyte anion depenlence and a rather small solvent *eper.lence C <

.1V, see Table 1) . This comparative irsensitivity to environment is a

strong clue to the nature of the product, w:hich must either involve

reduction of the retal to Pc(-2).n(I) or reluction of the li ani to

Pc(-3)1..n(II). Our z. rli ,r studies , ith the Pc(-2)Fe(iIl)/P(-2)Fe(II)

couple3 reflect a stahilisotior of low spin d6 Pc(-2)Fe(II)S Which
2

results in a > O.7V voriation in potential for the solvents studied

here. This was ascribed; to a;)ck lonation by the iron(II) species beirg

enhanced by the stror.:er lonor axial ligands. If I[n(I) , expected to be

low spit, d6, Is proluced lurirg this rr,:luction, a significant solvent

effect for this ion, %J.'ich should be an effective pi donor to Pc, is

SL~---
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anti ci pated. 1lorcover .:hen the cectrochc-iical solutior is saturated

wvith carbon -nonoxide, no shift in potentials is seen from which tie m-a y

conclude that this reduce,! soecies d1oes riot react \,.ith carbon monoxide.

A mar.ganese(I) species wouL.] be expected to react with carbon monoxide

In parallel with the chemistry of the isoelectronic Fe( II) and Ru( I I

phthalocyanires. The absence of a strong solvent effect andi of reaction.

with carbon monoxide, argues forcefully for the first reduction product

to involve reltuction of the phihalocyanine ring.

AlIthough no es r s pec trurm ws ob se rved vi th th is spec ies, th Is fact

lends no support to either i-ssignment since even-electron systems are

often esr inactive. The nlectronic spectrum of t h . relticed solIti ti or,

first reported by Clack arid co-Ldorkers2l is more enli.ghtenine.

AltEhough the 'I band absorpt ior, for Pc( -2)!.n( I) is blue sh If teei viith

respect to that of Pc(-2)flin( I i )Cl the sh if t (50 nrn) is small a nd

reflects greater repulsion twee%-vn ictal eg(pi) and phthalocyanire

e 9(pi*) orbitals in the f(jrre r species. The monoanion *hot.ever,

exhibits a Q band blue shift of greater than 130 nrn placing it in the

sarme spectroscopic region as other metalloIphthalocyanine anion radical

species which have been tiva-ihiguously i-lentified12l Similarly the



cxtiriction coeff ici(:Lts for tic visible rev.ion transitions are s'allrr,

by onore than an order of i:,;r itule, than those observed for other

; Athalocyanine(-2) s; ecicesIU Finally the separation between the

purported 1 i ;and oxidation arhd reduction is within the range obscrved

,ith other main group and transition imetallophthalocyanines22. Since

the rmetal rerlains bivalent arJ the electroche.iistry is fully reversible,

we assuile that two solvent wolectu'les rcmair. coordirated.

Second !eduction Pc(-3)In(l)I /Pc(-4l1.',n(ll)S2

In this case reduction coul,1 yield Pc(-3L,:n(j) o r .c(-4)tn(l I), as

the ,lost probable products. Tie potentials for this, couple (Table 1)

irdicate iniriiial solvent and electrolyte diepenlence ar!uirg strongly for

1 i;',:nd rather than !.ic ta I reduct ion as discussed above. AI thou..h[

polaro~raphic results reflected the essential rnversibility of this

CouplIe, cyclIi c volItamv at ry da ta %:e rc of ton rcrirdor(, Itn relIiablIe by h i h

solvent background, especially at high scan rates. A N icholson-$)ain

analysis was therefore not perforined.

The electroche;nically proluced double reuction product has an

electronic spectrun simi ilar to that of its i ono-anioric parent, In that

the .1 hand energies are of relatively high cergy and low intensity.

Tie esr speccrum of the di-ainion is similar to that 0,-served for tl-e

li-anion of TsljcI.n (TsPc = tetr,'sulfonatei phthalocyanir;e) %..hich has

been previously assi neJ as :17 TsPc(-2)r'n(O).23 '.ere this

clar,-cterisetion corre~ct Its esr spectru should have A,, and g.L valuns

co i .c:rable to Lhe electror, ically ar.alo-ous Pc(-2)Cn( II) arI c(-2)Fe(I).

;,c .ot.ld also anticlipate that such a species should exhibit iirl-e 4

solV(!t lependence ir. both its r-sr spectrum and its electrocheristry

because of the presence of an uniaired electron ir the z2 orbital.
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1r.Aeed it is ,Iost Iikely to be five conrdinate (low spin d7, cf

-- 2)Fc(I)33b ) * TIhe esr spcctrui of the di-anion is in fact very

3i,1i lar to that of the six coordinate low. spir d6 Pc(-2)t'n(I I)

irucursor. The reversibility observed In the elpctrochemistry of this

.I;Cc,es Mrid the absence of any following rraction leads Lis to assume

,i.at he coordinrationr number probably rermairs six %,i th t..o coor.1irater

s,)ivift moIecules. TIe s;)ecies is Lhf-refore assi.:-ned as Oc(-4)''r(II)S .

Conclusions: 1.i thin the range studied, the margaanese phthalocynine

1v, ystern gives rise to the species Pc(-1)l'.n(III)3 2 ++, Pc(-2)1'n(III)S2

Pc( -.2)ln( I I )S2, Pc(-3)..n( I )3 ard Pc(-4)1In( II )S " v.here in the case of

Lhe :ir ganese(lII) species, a solvent molec'le fmay be displaced by an

dnion X. 'Jo evidence of niangarese(I) v.'as observed in distinction to tie

iron and cobalt scries3,17 The electron transfer rates of the Pcln(II)

i.,.,;tron transfer steps are sirilar in nagnitulle to those usually found

ir. <malogous porphyrin series2 . Lnl ike TPPI'.n(III)Cl however, tlhe rate

is r,oc profoundly changeJ by either choice of anion or coordiratir.7

,i"& ICIS. The ic(-2)I.ln(lll)/Pc(-2)t.;n(II) couple appears at a slir.htly

;,ore anodic potential than in the porphyrin series. reductior of th-

&hCilocyanine ring ho:..,ever, to form Pc(-3).'n(II)S2  appears 0.5 - 0.8V

a,iodic of the corresponding porphyrin reductior25 . These trerds are

coisistent with earlier vic.:s of the comparative electrochemistry of

iorhyrirns arJ phthalocyanires3,26. TI'is coriparisor, illustrates the

v.riation in, coordination electronic and i;econetric structure accessible

;i Lhin the V.' class of com;.ounds and its efffect upon electrochemical

: rc,;ertie 4
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.s'ouS~.dLeCoris Lf .s ks (C1/S )

- )r~(III)/~c(-)~r( I) c(-2Ur(llI)/i'c(-3)1'r( II)

2.Y x 10-3 6.8 x 10-3

3.6 x 10-3 6. 7 x 10-3

6. 8 x 10-3 7. 1 x 10-3
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'icure lecends

g.1 Cyclic voltar-mgram of Fc!'n(II) dissolved in dimc-thylformlimde containing

Tetraethylam-nonium p-rchlorate as supporting electrolyte. The scan rate

is 50 mV/s.

-.. 2 Nicholson-Shain analytical plots for the (Py)ClMn(III)Pc(-2) / (PY) 2 Mn(II)Pc(-2)

.ple in pyridine containing lithium chloride as supporting electrolyte.
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